Abstract The semi-empirical single-tree model SILVA 2.2 has been developed and parameterised using forest research and inventory data from Germany that range from the colline to the montane zone. The focus of the model evaluation presented in this study was to test the applicability of the model for the main Swiss forest types and at elevations ranging from the colline to the upper subalpine zone. To this end, SILVA was initialized using data from long-term forest yield research plots. The results at the end of the 30-year simulation were compared with observed data. The analysis of the results at each test site showed that there were no significant differences in model performance between forest types. However, the deviation between simulated and observed growth depended strongly on the elevational zone, i.e., on climate. As expected, the best results were found in the colline zone, for which the model had been calibrated, whereas the upper subalpine sites revealed the strongest differences. The quality of the data regarding forest structure that were available for model initialization had a strong impact on the simulation results, mainly at high-elevation zones (i.e., supalpine and upper subalpine). We conclude that SILVA 2.2 is a suitable tool to estimate the development of single trees and standing volume for a large fraction of the forests in Switzerland. However, extreme climate conditions should be avoided with the model, and the availability of detailed stand structure information is a key priority that has a strong effect on the quality of the simulation results.
Introduction
Since the middle of the twentieth century, models describing the state and dynamics of forests have been applied in various fields, e.g., in forest management, in understanding ecosystem dynamics, and in the study of climate change impacts on forested ecosystems (Lischke 2001 ). An important aspect of any modeling effort is the evaluation of the model. Model evaluation should be an ongoing process that begins during model design and continues throughout model construction and for as long as the model remains in use (Soares 1995; Vanclay and Skovsgaard 1997) . Model evaluation may involve qualitative as well as quantitative examinations of the model. These analyses mainly refer to the model logic and its theoretical and biological plausibility (qualitative examinations), as well as to the characterization of errors, model performance (Mayer and Butler 1993) , and model sensitivity (Saltelli et al. 2000) (quantitative examinations). Quantitative examinations should comprise statistical tests and comparisons of model simulations with observations that are independent of those used to fit the model (Soares 1995) . In the present study, an evaluation of the forest growth simulator SILVA is performed that is based on independent long-term forest survey data from Switzerland.
SILVA is a distance-dependent and environmentally sensitive single-tree model (Pretzsch 2001) . It has been designed primarily to assist in the decision making process in forest management. Based on scenario calcu-lations it can be applied to predict the effects of silvicultural treatments, stand structure, and environmental conditions on stand development (Hanewinkel and Pretzsch 2000) . Therefore, the model also serves as a research instrument and has been used in several recent studies by, among others, Pretzsch and Kahn (1996) , Knoke (1998) , Densborn (1999) , Hanewinkel and Pretzsch (2000) , Pretzsch et al. (2000) , Do¨bbeler and Spellmann (2002) , Liesebach (2002) , , and Weber (2001) . Model parameterization is based on a large amount of single-tree data that are mostly from Germany . However, some data that were used for the calibration of the submodel capturing the growth potential of a site originate from Swiss long-term forest growth and yield research plots (Kahn 1994) .
Although SILVA 2.2 and earlier model versions have already undergone several detailed evaluations Pommerening 1998; Pretzsch 1999; Windhager 1999; Pretzsch and Dursky´2001; Pretzsch 2002; , the validation presented in this study is novel in several respects. Besides the general need for model testing prior to model application in a region for which the model has not been parameterized-note that the Swiss data in the model parameterization process included just a few beech stands in the colline and the lower montane zones-there are two specific reasons for these tests. (1) Model parameterization did not extend to elevations higher than the lower montane zone; however, model applications at higher zones are of large interest, since mountain forests harbor significant amounts of biomass and, thus, carbon stocks. For example, more than one third of the Swiss growing stock is located above the lower montane zone (Brassel and Bra¨ndli 1999) . (2) Most of the previous tests of SILVA were based on relatively short time periods of five or ten years, while the predictive capability of the model over longer time spans is less known, although it may be of high interest in many research projects as well as in a decision-support context in practical forest management.
Therefore, the objective of the model validation presented in this study is to test the simulated growth of single trees and entire stands of the main tree species occurring in the central Alps from the colline to the upper subalpine zone, and over a comparatively long period of 30 years. In doing so, the accuracy of the model parameterization for Swiss forests and the applicability of the model under strongly varying climate conditions will be tested.
Material and methods

Forest growth model SILVA 2.2
The concept and structure of SILVA have been described in detail by Pretzsch (1992) , Kahn (1994) , Pretzsch and Kahn (1995) , Kahn and Pretzsch (1997) , Pretzsch (1997) , Pretzsch (2001), and . SILVA simulates the growth and yield of pure and mixed forests using a single-tree approach, where each tree is described by its diameter at breast height, tree height, height of the crown base, crown diameter, and stem coordinates. Species-specific spline functions and crown models are used to represent the three-dimensional stem and crown shapes (Pretzsch 1992 (Pretzsch , 2002 .
The calibration of SILVA is based on the following three data sets. (1) The data for the site-growth-potential submodel of the dominant European tree species were taken from 330 long-term experimental plots ranging from the lowlands in Schleswig-Holstein (Germany) to the lower mountains of Switzerland (Kahn 1994; Pretzsch and Kahn 1998) . (2) The long-term network of experimental areas maintained by the Munich Chair of Forest Yield Science provided the basis for the parameterization of all other submodels, e.g., those describing height increment, crown form, and mortality. These experimental areas are located in Bavaria, RhinelandPalatinate, and Lower Saxony (all in Germany). Based on data from 404 experimental plots, the increment model was calibrated for Norway spruce (Picea abies (L.) Karst.), European silver fir (Abies alba Mill.), Scots pine (Pinus silvestris L.), European beech (Fagus silvatica L.), Sessile oak (Quercus petraea (Matt.) Liebl.), and Black alder (Alnus glutinosa Gaertn.) (Pretzsch 2002) . Some of the time series included in these datasets date back to the year 1870 (Kahn 1994) . (3) Stem volume is estimated using the volume equations by Franz et al. (1973) based on data from the 1971 'large scale' Bavarian Forest Inventory. For estimating stem shape and stem-shape based timber grading, the model BDAT (Kublin and Scharnagl 1988) , developed at the BadenWu¨rttemberg Forest Research Station, was integrated into SILVA.
Since the parameterization includes only a few plots above 1,000 m asl, higher elevations have to be regarded as extrapolation area of the model.
In those cases where some of the initial values (diameter, tree height, height of crown base, crown diameter, and stem coordinates) for a forest stand are lacking, SILVA generates the missing data. This high flexibility with respect to model initialization is achieved by the integrated structure-generating module STRU-GEN (Pretzsch 1994) . STRUGEN uses the available tree attributes and a series of sophisticated algorithms to construct a realistic 3-dimensional stand structure (Pommerening 1998); among others, the algorithm for generating diameter distributions developed by Nagel and Biging (1995) is used.
SILVA simulates stand dynamics using a time step of five years. At each time step, growth and mortality of the single tree are calculated and its management is considered (Pretzsch 2002) . The single-tree growth is determined by a competition index (competition between neighboring trees), an index for single-tree vitality, both of which are calculated by the model, and by nine user-defined site-specific variables (Kahn 1994; Pretzsch and Kahn 1998 SILVA uses unimodal dose-response functions to determine the values of these nine site variables as response factors (r 1 -r 9 ) with values between 0 (minimum growth conditions) and 1 (ecological optimum of a tree species) (Fig. 1) . In the case of NO X and CO 2 , values above 1,500 ppb and 1,500 ppm, respectively, are highly hypothetical; but in all reasonable situations, these values are clearly beyond the range of interest . Three response factors at a time are aggregated into one complex ecological factor, considering also compensation effects: nutrient supply factor (r 1 -r 3 ), thermal supply factor (r 4 -r 6 ), and water supply factor (r 7 -r 9 ). Finally, these three site-dependent ecological factors determine the course of the site-specific potential height and diameter growth functions.
SILVA provides three kinds of output variables . Firstly, classical growth and yield data are simulated at the stand and tree level, e.g., stand basal area, mean stand height, and the diameter and height of each single tree. Secondly, monetary values can be obtained from the calculation of stand assortment distributions with the timber grading routine BDAT (Kublin and Scharnagl 1988) . The third group of output information comprises indices of forest structure and diversity, e.g., the aggregation index according to Clark and Evans (1954) .
Experimental design
The validation was performed at 19 test sites located in different Swiss regions. In order to render the simulation results comparable across all test sites and to minimize the effects of climatic changes at the decadal time scale, the simulations were restricted to the time window . SILVA was initialized with stand and site data from each test site, and stand development was simulated over a 30-year period, since this was the longest time period of observation data that was available from all test sites within this time window. For each test site, this procedure was repeated 20 times to average out stochastic influences that are inherent in the model. The average of the simulated diameter growth of each single tree during this time was compared with the observed diameter growth.
The focus of this quantitative test was on the model part that controls tree growth in relation to tree species, site conditions, and the individual competitive situation. Therefore, other model parts that have an indirect impact on tree growth, such as the thinning routines and the mortality submodel, were switched off for the simulations presented here. Since the data sets of the test sites provided information on the status of each single tree-i.e., alive, harvested, dead-during this 30-year time period, trees that had died or were harvested in the real stand were removed manually during the simulation.
Test sites
We used data from the forest growth and yield research plots of the Swiss Federal Institute of Forest, Snow and Landscape Research (WSL). On these plots, a wide range of aboveground single-tree data have been collected at intervals ranging from 1 to 13 years. The surveys include all trees on the plot with a diameter at breast height of at least 8 cm. The WSL research plots are distributed all over Switzerland and cover a wide range of forest types. These long time series of single-tree growth and stand development under various environmental conditions (e.g., with respect to climate and soil characteristics) were particularly suitable for the purpose of this paper.
The simulations were conducted at 19 forest yield research plots that had not been used for model calibration efforts conducted by the model developers. The plots used here extend from the colline to the upper subalpine zone (cf. Ott et al. 1997 ) and cover the main Swiss forest types. The dominant tree species (with respect to basal area) on the plots (Table 1) represent the most frequent tree species in Switzerland, i.e., spruce, beech, fir, and larch (Brassel and Bra¨ndli 1999) . Seven of the plots are characterized by pure stands, the others are mixed stands. Except for the test site at Horgen (no. 8), all stands are managed. The majority of the stands were between 60 and 120 years old at the beginning of the simulation period; this corresponds to a stand age distribution that is typical for Swiss forests (Brassel and Bra¨ndli 1999) . The two upper subalpine stands (St. Moritz, nos. 18 and 19) are uneven-aged selection forests (so-called 'plenter' forests). Plot sizes vary between 0.2 and 1.0 ha.
On some of the forest yield research plots, the surveys did not match the desired period length of exactly 30 years. In those cases, a linear intra-or extrapolation of the observed data was needed for the comparison with the simulation results, which are available in 5-year resolution due to the time step of the model. In most cases, the time period for this inter-or extrapolation did not exceed one year.
Model initialization and input data
For model initialization, we used all the available singletree information from the forest yield research plots, i.e., diameter and tree species (both available for each tree), additional single-tree data such as tree height, height of crown base, and crown diameter, as well as stem coordinates. The proportion of trees per site with additional single-tree data varied between 6 and 27%, and the proportion of trees per site with known stem coordinates varied between 0 and 100% (Table 1 ). Prior to the simulation, all the missing data were automatically generated by SILVA. To assess the impact of initial tree height on simulated growth, a second simulation was performed, for which the model was also initialized with the available single-tree data from the research plots, but the missing tree heights were not calculated using the SILVA-internal algorithms but using the (more precise) allometric functions derived from the Swiss National Forest Inventory (NFI) (Kaufmann 2001) . Since SILVA has not been calibrated for Swiss stone pine (Pinus cembra L.) and European larch (Larix decidua Mill.), these species were replaced by Scots pine (P. silvestris L.) for the simulations.
For each forest yield research plot, the site-specific climate indices as required by SILVA were calculated Fig. 1 Relationship between the nine site variables and their corresponding response factors r 1 -r 9 , which determine the potential height and diameter growth of trees in SILVA, shown for spruce (solid line), pine (dashed line), and beech (dotted line). NUT: soil nutrient supply, NO X : atmospheric NO X , CO 2 : atmospheric CO 2 , DT 10 : duration of vegetation period, T VAR : annual temperature amplitude, T V : mean temperature during vegetation period, M V : aridity index of the vegetation period, P V : total precipitation during the vegetation period, MOIST: soil moisture factor based on climatic data over the appropriate 30-year time period (Table 2) . Daily climate data were obtained from the monitoring network of MeteoSwiss 4 . Using climate data from a MeteoSwiss station close to each plot, the weather inter-extrapolation model MTCLIM 4.3 (Running et al. 1987; Thornton and Running 1999 ) was used to generate climate information for the specific plot. MTCLIM was designed especially for application in mountainous terrain. Global NO X content of the air and atmospheric CO 2 concentration were calculated for the specific time period as recommended by Pretzsch and Kahn (1998) (Table 2 ). The soil data for SILVA (i.e., soil moisture and soil nutrient supply) were derived from the stand descriptions of the plots by means of the classification of the Swiss forest communities by Ellenberg and Klo¨tzli (1972) (Table 2) . For the final model input, this nominal description was translated into a numerical value according to Pretzsch and Kahn (1998) . All these input data represent average values over the entire simulation period, and they were kept constant during the simulation.
Data analysis
Single-tree level
For the analysis of the simulated diameter increment, a number of statistical indices were used to characterize model performance. For the i=1,...,n trees of a given test site, the differences between the simulated diameter increments x i and the observed ones X i are defined as e i =x i À X i , so that and " e% ¼ 100 Á " e= " X indicate the absolute and relative bias at this site, respectively. To evaluate the distribution of the single-tree errors e i , a measure of the precision is useful, which is defined as the standard deviation of the bias:
or s e % ¼ 100 Á s e = " X : The distribution of the total differences between simulated and observed diameters is evaluated by the model accuracy m x , which is defined as follows:
The relative accuracy m x is given as m x % ¼ 100 Á m x = " X : The model efficiency EF provides a comparison of the efficiency of the model simulation with the efficiency of describing the data as the mean of the observations (Mayer and Butler 1993; Smith et al. 1997) , i.e.,
Another simple but efficient technique to compare simulated diameter growth with observed values is the linear regression. However, instead of using the common ordinary least squares (OLS) regression, we used reduced major axis (RMA) regression. Our goal was not to simply predict estimated growth from observed values, but to establish a linear relationship that expresses the 'true' relationship between simulation and observation. Additionally, in our case also the observed increments are subject to considerable error, which cannot be explained by SILVA. In such cases, a so-called Model II regression (Sokal and Rohlf 1995) should be applied, and RMA belongs to this class of regression methods. For the calculations we used the software RMA as provided by Bohonak (2002) .
The slope b of the regression line x=a+bAEX is calculated in RMA as the ratio of the standard deviations of x and X, s x and s X :
The sign of b is the sign of the following sum of products:
The intercept a and the degree of determination R 2 are calculated in the same way as with OLS regression.
For a more complete description and discussion of RMA, see Sokal and Rohlf (1995) and Niklas (1994) .
Stand level
In the second part of the analysis, the differences between simulated and observed stem volume increment of the whole stand were examined. Both simulated and observed stem volume (overbark bole volume) were calculated from the single-tree diameters (simulated and observed, respectively) by means of the bole volume functions derived from the Swiss NFI (Kaufmann 2001) . Based on these data, we analyzed the variation of the relative differences in stem volume increment as a function of various site and stand variables. Due to the small number of test sites (19) and the lack of normality of the data distributions, it was not possible to perform detailed statistical analyses, but we had to confine ourselves to qualitative (graphical) analyses. The only quantitative statistics we applied here were Wilcoxon signed rank tests (Zar 1999) and linear RMA regression.
Sensitivity analysis
The impact of initial tree heights on simulated growth was tested on the single-tree level as well as on the stand level.
To this end, we compared the results from simulations where the missing tree heights in the initialization data sets were generated by SILVA with results from simulations where the missing tree heights were calculated using the allometric functions derived from the Swiss NFI (Kaufmann 2001) . The methods are based on diameterheight functions that are site-independent (SILVA height generation) and site-dependent (NFI functions), respectively. The model results were analyzed graphically and using Wilcoxon signed rank tests (Zar 1999).
Results
Single-tree level
The distribution of the relative deviations between simulated and observed diameter increments per test site revealed biases between 25.94 and À47.03%, with 15 of the 19 sites being negatively biased (all statistical indices shown here are based on simulations using the NFI functions for tree height initalization) (Table 3 and Fig. 2 ). This means that in general single-tree growth was underestimated by the model. Three of the lowland sites showed no significant bias (P-value £ 0.05). The relative precision varied between 29.99 and 77.17%, and the accuracy between 32.35 and 77.18% (Fig. 2) . For example, an accuracy of 32.35% means that the simulated diameter increment lies in the range of ±32.35% of the real increment with a likelihood of 68%, given that the differences between simulated and observed diameter increments are distributed normally, which is the case at these test sites.
In terms of model efficiency, where a positive value indicates that the simulation describes the observed data better than the mean of the observations, SILVA provided positive values at 13 of the 19 test sites (Table 3 ). In the colline zone, only one site with a negative value was found, whereas most of the montane, subalpine, and the upper subalpine sites showed negative values.
For a more detailed analysis of the growth patterns at the different test sites, linear RMA regressions were calculated between observed and simulated single-tree diameter increments for each site. The coefficient of determination R 2 differed much among the sites, ranging from 0.031 to 0.681, with the lowest values found in the upper subalpine zone (Table 3 ). The regression line of simulated versus observed diameter increment showed that in most cases the intercepts were larger, and the slopes lower than their ''ideal'' values of 0 and 1, respectively. Considering also the observed absolute diameter of the single trees, we found at most sites a slight overestimation of the diameter growth of smaller trees on average, whereas the growth of larger trees was underestimated (data not shown). Figure 3 shows the differences between observed and simulated diameter increment of spruce-dominated sites along an elevation gradient (colline, subalpine, upper subalpine zone). The growth behavior at these three sites is representative for their zone. It becomes obvious that the diameter increment of spruce is underestimated at the colline and the upper subalpine site (mainly the growth of large trees) and overestimated at the subalpine site. The results also show that the different methods for generating missing tree heights (tree height generation by SILVA or tree height generation by NFI functions) had a significant impact on the simulated single-tree diameter increment at most test sites (Table 3 ; Wilcoxon signed rank test with P-value £ 0.05). However, in the colline and in the montane zone the single-tree diameter increment was much less affected by the height generation method than in the subalpine and even more so in the upper subalpine zone, where tree heights generated by SILVA led to considerably lower growth rates compared to the simulations with tree heights calculated by the NFI functions ( Fig. 3 ; montane zone not shown). In the upper subalpine zone, also some larch trees showed increased growth when using the NFI functions instead of SILVA for tree height generation. At the subalpine and upper subalpine sites, the use of SILVA for the tree height generation led to higher and more uniform initial tree heights of spruce, larch, and stone pine compared to the heights calculated by means of the NFI functions (data not shown).
Stand level
The differences between simulated and observed stem volume increment of the whole stand after the 30-year simulation period were mainly negative (Fig. 4) , indicating again that SILVA underestimated tree growth at most test sites. Only the three subalpine sites showed an The statistical indices are calculated from the simulated and the observed diameter increment. EF: model efficiency, R 2 : coefficient of determination of the linear regression between observed and simulated diameter increments. Intercept and slope refer to this regression line. * Bias is not significantly different from zero (based on a t test with P value £ 0.05). a no significant difference in simulated diameter increment between tree height initialization by SILVA and tree height initialization using the allometric NFI functions (based on a two-sided Wilcoxon signed rank test with P value £ 0.05).
overestimation of growth. In 8 (missing tree heights calculated with NFI function) and 11 cases (missing tree heights generated by SILVA), respectively, the absolute difference was smaller than 20%. Four colline sites revealed differences between À20 and À30%. The other seven and four sites, respectively, showed absolute differences of more than 30%; these sites were found in the colline zone, in the subalpine zone, and in the upper subalpine zone.
The relative difference in stem volume increment between simulation and observation was found to vary strongly between zones. Although each zone was represented by only a small number of sites, significant differences in relative stem volume increment differences were found between the subalpine and the colline zones (independent of the tree height generation) and between the upper subalpine and the colline zones (only when tree heights were generated by SILVA) (Wilcoxon signed rank tests with P-value £ 0.05). On the stand level, the two methods did not result in significantly different stem volume increments (Wilcoxon signed rank tests with pvalue £ 0.05).
The analysis of the possible relationships between deviations in stand growth and values of the site-specific and stand-specific variables was based on the tree height generation using the NFI functions (Fig. 5) . Assuming a linear dependency between the stand growth deviation and these variables, mainly temperature and precipitation had an impact on stand growth deviation. Particularly at sites with high annual temperature amplitudes (T VAR ), growth tended to be underestimated by SILVA. Moreover, very high and very low values, respectively, of the duration of the vegetation period (DT 10 ) and of the mean temperatures during vegetation period (T V ) appeared to lead to a strong growth underestimation.
Discussion
The purpose of this study was to evaluate the performance of the forest growth model SILVA 2.2 using Swiss forest data from a wide range of abiotic and biotic conditions. Since the model had been developed and parameterized mainly with forest growth data from southern Germany, we expected a good model performance in the colline and the montane zones, but possibly less so in the subalpine and upper subalpine zone. The findings of our investigation generally support these expectations.
The examination of the simulation results at the single-tree level led to the following insights (note that these results refer to simulations in which the NFI functions were used to calculate missing tree heights): at most sites, the simulated diameter increment had a negative bias (25.9 to À47.0%) (Table 3) , i.e., growth was underestimated by the model. However, three of the colline sites showed no significant bias. Compared with earlier model evaluation studies, this bias is low, particularly when taking into account the relatively long simulation period of 30 years. For example, Pretzsch (2002) found biases between 70 and À30% after a 5-year simulation with SILVA on 30 experimental spruce plots in Bavaria. Still, in the study by Pretzsch (2002) as well as in the present validation, most of the biases ranged between À5 and À15%. Looking at the accuracy (32.3-77.2%) (Table 3) , which considers also the distribution of the single-tree errors, the upper subalpine and subalpine sites as well as a few of the colline sites show the largest values in our study. In the study by Pretzsch (2002) , accuracy values up to 48.9% were obtained after 5 years. On the one hand, these results show that there is a trend of decreasing single-tree growth performance of the model at higher elevations; this finding is also supported by the fact that the model efficiency is negative at both upper subalpine sites, at most subalpine and montane sites, but at only one site in the colline zone. On the other hand, the comparison with validation studies by other authors (e.g., Pretzsch 2002) , reveals that SILVA performs quite well for the Swiss test sites, even though there is a tendency to overestimate the diameter increment of small trees and to underestimate the diameter increment of large trees.
Since the site conditions (climate and soil) are the same for all trees in the stand, the underestimation of the diameter growth of large trees seems to be caused by competition between neighboring trees that probably is overestimated in the model. Tree competition in SILVA is dependent on the distance between neighboring trees (i.e., by their stem coordinates), their heights, the heights of their crown base, and their crown diameters. The fact that diameter growth of large trees is underestimated also at sites where the stem coordinates of almost all trees are known indicates that the tree distribution by SILVA (in case of missing stem coordinates) is not responsible for this overestimation of competition. Therefore, the overestimation must be due to the initialization of the tree heights, the heights of the crown base, and the crown diameters, or it must result from the Fig. 2 Relative bias " e and relative accuracy m x of the simulated diameter of single trees on each of the 19 validation sites way these stand structure data are tansformed into the competition index.
The only cases where we found mostly an overestimation of the diameter growth not only of small but also of large trees were in subalpine spruce stands (Fig. 3) . It is remarkable that the other tree species at these sites, stone pine, showed a clear underestimation of diameter growth. Probably the growth underestimations of stone pine trees that are too poor competitors in the simulation at these sites accumulate over the simulation period and are therefore responsible for the spruce growth overestimation. The use of the parameters of Scots pine (P. silvestris) for simulating Swiss stone pine (P. cembra) stands may have substantially contributed to this effect. In contrast to Swiss stone pine, Scots pine grows in the subalpine and upper subalpine zone only under very Our results showed that in the subalpine and even more so in the upper subalpine zone single-tree diameter increment was affected strongly by the generation of initial tree heights (Fig. 3) . The single-tree heights generated by SILVA were much more uniform compared to the heights calculated by means of the allometric functions derived from the Swiss NFI. This in turn resulted in a generally smaller diameter growth of most of the trees, probably because light competition became stronger as their heights were more similar. The main reason for the differences between tree heights generated by SILVA and those calculated with the NFI functions is that SILVA does not use any site-specific information (climate, soil) to generate forest structure, whereas the NFI functions take these factors into account. Particularly at higher elevations, the height/diameter ratios of trees sometimes differ strongly from those the model was parameterized with. Therefore, it is not surprising that the largest differences in stem volume increment were found at the two uneven-aged selection forests in St. Moritz when using tree heights generated by SILVA (Fig. 4) . These test sites are not only located beyond the climatic conditions for which the model had been parameterized, but they also consist of structurally heterogeneous forests where SILVA estimates single tree growth with far lower precision than in homogeneous forests (Pretzsch 2002) . Although the use of the NFI functions leads to larger differences between simulated and observed stem volume increment at some sites-mainly in the subalpine zone-we prefer this method since it more accurately reflects actual stand structure.
At the stand level, the best simulation results (i.e., the smallest differences between simulated and observed stem volume increment) were found in the colline and montane zone, whereas some of the colline and subalpine sites and the two upper subalpine sites showed the largest differences (more than ±30%) (Fig. 4) . Except for the three subalpine sites where growth was overestimated by SILVA, the simulated growth was always smaller than the observed one. Regarding simulated volume, our findings from the spruce sites in the colline zone agree well with the results of a comparable study with SILVA that focused on German spruce stands (Pretzsch and Dursky´2001) . Unfortunately, for the other zones or tree species no such comparisons could be made. However, it is obvious that some of the test sites in the colline, the montane, and the subalpine zone show very good results for a 30-year simulation on plots that have an area of only 0.2-1 ha.
Looking at the site-specific and stand-specific variables at the 19 test sites, it becomes evident that the variables that are mainly responsible for the deviations between simulated and observed growth are those characterizing temperature and water conditions (Fig. 5) . In the colline zone, particularly the high values of DT 10 , T V , and T VAR seem to lead to an underestimation of diameter growth. Based on the results of the present as well of previous studies (e.g., Pretzsch and Dursky´2001), it appears that growth underestimation of SILVA becomes stronger when simulating stands with very high site quality, particularly regarding good thermal conditions. Therefore, SILVA could potentially benefit from an improved parameterization of the growth submodel that weights the data from stands with high site quality and under the favorable climate conditions of the last decades stronger than the current parameterization. Also at the subalpine and the upper subalpine sites, the temperature-related climate variables play a major role. The growth overestimation at the subalpine sites seems to be strongly related to the relatively low values of T VAR that lead to a large growth rate of spruce (response factor close to 1). In the upper subalpine zone, high T VAR values as well as very low Fig. 4 Relative differences in stem volume increment shown for each test site (simulated increment-observed increment). Filled diamond: tree heights calculated by SILVA; filled circle: tree heights calculated by means of the allometric functions derived from the Swiss NFI Fig. 5 Relative differences in stem volume increment (simulated increment-observed increment) plotted against the nine site variables, the proportion of trees per site with additional singletree data (tree height, height of crown base, and crown diameter) (Table 1) , the proportion of trees per site with known stem coordinates (Table 1) , the main tree species (Table 1) , the species composition (Table 1) DT 10 and T V values appear to be responsible for the strong underestimation of growth.
Conclusions
Although this model validation is based on only 19 test sites, and in spite of the fact that the results are valid only for the climate and site conditions under which the model was tested, some conclusions can be drawn regarding the applicability of SILVA 2.2 in Switzerland. For the use of the current version of the model, two main factors need to be considered: (1) climate conditions and (2) the availability-or in case of missing data, the generation-of stand structure information. Regarding climate, zones with an extreme climate regime should be avoided, e.g., continental climates or those towards the upper treeline. In general, mainly sites with high T VAR values seem to be critical and may lead to invalid simulation results. Concerning stand structure information, all of the available single tree information should be used and-if possible-missing values should be calculated by means of allometric functions that are valid for the corresponding zone, because it appears to us that the structure-generating submodel of SILVA is quite general, but of low local precision. Mainly at high elevations (i.e., in our study the subalpine and upper subalpine zones) in the case of highly heterogeneous stands, this aspect becomes increasingly important, and may have a decisive influence on the simulation results. Based on these findings, we conclude that under optimal conditions (i.e., no extreme climate, sound stand structure information for model initialization), the main Swiss tree species and species compositions can be simulated adequately with SILVA 2.2, even in zones above 1,000 m asl, i.e., in an area that the model has not been parameterized for.
